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This report starts with a short presentation of the basic stochastic cooling
concepts in the radio-frequency and microwave range. Techniques for
longitudinal and transverse beam cooling are discussed with emphasis on
technological aspects. Since pick-ups and kickers are vital elements in all
stochastic cooling systems and often pose limiting constraints on the system
performance, a short review of different pick-up and kicker structures will be
included. Also several examples of systems that are in operation or were used
in the past, both for high energy and low energy beams, are presented. For
future machines, there is considerable interest in fast cooling of moderate-
and highly charged ion beams of low momentum.
1. INTRODUCTION
The history of stochastic beam cooling started more than 30 years ago (1968) with the idea on the basic
concept of stochastic cooling by Simon van der Meer. A few years later the first paper on the theory of
emittance cooling was written and in parallel the observation of Schottky noise in the CERN-ISR (ISR
= intersecting storage ring) took place. Between 1974 and 1978, the first practical cooling experiments
in the ISR, in ICE (initial cooling experiment) and also a few years later in Novosibirsk showed the
feasibility of the concept. Since then this method has been applied successfully in about 10 different
machines world-wide. Particular achievements were techniques to accumulate large stacks of 1012
antiprotons in the CERN AA (AA = Antiproton Accumulator) and high cooling rates (approaching 109
particles/s at FNAL). Present developments aim both towards high energy pbar applications (FNAL,
large number of particles) as well as very fast cooling of short-lived radioactive isotopes (Riken, GSI)
at lower momentum. Among the many review and tutorial papers published in the past regarding all
aspects of stochastic cooling, the contribution by J. Marriner [1] gives an excellent review of both
techniques and technology. In the following the focus will be, apart from recalling basic concepts, on
aspects that were discussed less often or in less detail in the past.
2. STOCHASTIC COOLING METHODS
Since the previous speaker has discussed the theory of stochastic cooling, I would like to focus here on
the different cooling methods (Tab. 1). For betatron cooling we use a difference pick-up at a location in
the ring where the b-function has a maximum in the plane of observation. This pick-up consists
essentially of two opposite coupler structures or arrays of structures. Examples of such couplers are the
well known l/4 strip-line couplers, sometimes also referred to as loop couplers, printed structures, slot-
arrays, and for slow beams, meander type delay lines.
Lets us consider for the moment a pick-up in the horizontal plane. The corresponding transverse kicker
will be situated at some other location in the ring at an odd number of l/4 betatron wavelengths apart.
By means of a suitable signal-combining element, usually a 0°/180° bro dband hybrid, the sum and the
difference of the output signals from both plates of the pick-up is taken. The sum signal is often used in
a separate signal path for the momentum cooling system, which will be discussed later.
































Tab. 1 :  Stochastic cooling systems in use or proposed 1982 (from [2])
2.1 Betatron cooling
Now we can ask the question about the optimum location of the kicker, since the condition (2k+1)lb/4
is not unambiguous. Let us have a brief look at the basic cooling equation (1) for the cooling time
constant t
(1)
Here W is the system bandwidth, N the number of particles in the machine, g stands for the gain factor
(typically close to 1 and not to be confused with the electronic gain), U is the noise-to-signal power ratio
(single charge particle) and Z the number of charges on a single ion [2]. The relative position between
pick-up and kicker has an impact on the desired mixing M (between kicker and pick-up) as well as on
the undesired mixing M
~
 (pick-up to kicker). But unavoidable constraint is the signal travel time,
including the delay of all electronic components of the amplifier chain, which has typically an electronic
gain of 120-160 dB. This is in particular relevant for machines with b=v/c values close to unity. The
need for fast, broad-band and low dispersion signal transmission has led to the application of coaxial
lines which have a vanishing amount of dielectric material to support the inner conductor. In practice
this is done by using a thin dielectric disk every half meter or so. This kind of rather thick copper tubes
(typical outer diameter is around 3-5 cm) can still be found in most machines with stochastic cooling
systems, and they are often clearly visible as they just go across the ring. Similar tubing, but with
vacuum inside protecting a laser beam, has been used at Fermilab to provide fast, wide-band and very
low-dispersion signal transmission. For machines with lower b=v/c values, the mixing dilemma is easier
to overcome and pick-up and kicker are situated in the same straight section, just a few metres apart.
A challenging possibility to further reduce the mixing problem has been discussed in the Super-LEAR
proposal [3]. Here the optics of the machine is split into sections, each with a different local off
momentum factor h. In this split optic design the section between kickers has a rather high h-value in
order to increase the desired mixing, while for the other section the h-value is close to zero or has an
imaginary value.
Pick-ups and kickers are often used simultaneously in the sum (S) as well as in the difference (D) mode
for longitudinal and transverse cooling respectively. In this situation and for the case of normal betatron
cooling, the momentum compaction ap or D is usually close to zero at the location of the kicker in order
to keep the response of a transverse and longitudinal system, using the same hardware, mutually
independent.
[ ])/(g)~1(g21 222 ZUMMNW +--= -t
42.2 Momentum cooling
2.2.1 Palmer Hereward cooling
The Palmer-Hereward cooling uses a horizontal pick-up in a region of large dispersion. As in a
spectrometer, particles with different momenta are on different orbits. There are several possibilities to
place the pick-up into the dispersion region, such as in a straight section but also inside a bending
magnet. The advantage of placing the pick-up inside a magnet is not to occupy precious space that
could be used for other purposes. However, access to the pick-up structure may be difficult, the use of
magnetic materials (ferrite for microwave damping) is forbidden, and a plunging structure would be
very hard to implement. The response of a Palmer cooling type pick-up is to be adjusted such that for
the orbit corresponding to nominal momentum, the beam will be at the electrical centre of the PU. Any
deviation from this nominal orbit leads to a difference signal, which changes sign for the nominal
momentum. This signal is then sent via the amplifier chain to a longitudinal kicker (e.g. strip-line pair in
the sum mode) which is preferably located in a zero dispersion region.
For the Palmer concept simultaneous longitudinal and transverse cooling have not been considered
originally. The horizontal b-function at the PU as well as the dispersion D at the kicker was supposed to
be small. However Hereward has analysed the case where also significant amplitude of the b-funct on is
present in the PU. It was shown [4] that simultaneous cooling can be achieved in both the longitudinal
and transverse plane. Note that in this case the longitudinal kicker has to be at a distance determined by
an odd number of halfbetatron wavelengths and that the dispersion D at the kicker location has to be
significant.
2.2.2 Filter method (Thorndahl method)
As already mentioned above we can obtain from a pair of strip-line electrodes not only the difference
signal (used for betatron cooling) but also simultaneously the sum signal. In order to implement a
momentum cooling system we may use now another criterion (w.r.t. Palmer method) to act on the
deviation of the momentum from its desired or nominal value. This is performed by means of a periodic
notch filter (Fig. 1)
The filter has a transmission minimum (notch) at each harmonic of the revolution frequency and may
extend of several GHz.  Ideally the fraction of the Schottky signal (arriving from the PU) exactly at the
integer harmonics of the revolution frequency will be completely suppressed. This means that particles
with nominal momentum do not experience any correction. Assuming a Gaussian pulse at the input of
the filter depicted in Fig 1 we can see that half of the energy is travelling via the short connection
between the two hybrids and the other half goes via the one-turn delay line.
Fig. 1: Notch filter for momentum cooling
In the frequency domain we get the classical periodic transmission characteristic described by the
Ttje /1 w--  term, where T (revolution period) is the difference in electrical length between the short











5domain a positive pulse arriving at the kicker simultaneously with the particle and one turn later a
negative pulse, which compensates exactly the effect of the first one. The periodicity and notch depth of
such a filter must be very carefully adjusted. This is not only over the nominal bandwidth of the cooling
system but also outside this band since amplitude and phase (dispersion) errors could cause heating, in
particular towards the end of the cooling cycle or for small longitudinal emittance. An amplitude error
of a fraction of dB and phase errors of only a few degrees may lead to serious cooling performance
degradation. There are several techniques to compensate the frequency dependent loss and dispersion of
the long RF cable used in the one-turn delay, by closely approximating its transmission characteristics
in the short transmission line. Due to the progress in analog optical signal transmission techniques [5,
6], such filters can be produced now in a very compact size with superior performance compared to the
heavy and bulky coaxial systems. But it should be noticed that in contrast to Palmer cooling, the filter
method can only be used (theoretically) up to the frequency where Schottky band overlap occurs, and in
practice one should stay a safety margin of 20-30 % below.
2.2.2 Differentiation and Transit-time Method
The differentiation method [7] is based on the idea that the time derivative of the longitudinal pick-up, if
applied with the correct delay to a longitudinal kicker further downstream, will also leave the particles
with nominal momentum unaffected. But it gives an approximately linear correction (including change
of sign) to all off-momentum particles. It has the advantage to be rather simple, requiring only a few
additional electronic components in the amplifier chain and thus permitting close spacing between pick-
up and kicker. This technique is also free from the notch-filter-related upper frequency limit. On the
other hand the final emittances to be obtained are higher than for the notch filter.
As a further alternative (Transit-time method) it has been proposed [8] just to use two equal
longitudinal pick-ups and take the difference of their output signals, delaying the signal from the first
pick-up by exactly the amount required for the nominal particle. For this method a close tracking of the
pick-up responses both in amplitude and phase would be desirable, but not mandatory. An adequate
equaliser could possibly compensate certain relative deviations. Such a concept could find an
application in a machine with low momentum, and help to cool a beam with a large momentum spread
before the notch filter method is able to take over. Obviously, the difference signals, which are usually
also available from the sum pick-ups, may enter independent transverse cooling systems.
2.3 Stacking
One important goal of stochastic cooling applications is to provide a large number of rare particles,
such as antiprotons, with high phase space density. Usually one can obtain from a target a rather limited
amount of p s within the small acceptance, typically 5´107 to about 1´ 08. These small batches are
pre-cooled and stacked in the same machine (the “old” CERN AA) or in two separate machines AC (=
antiproton collector) and AA. The stacking of these small batches takes place in longitudinal phase
space and the particle density variation across the stack may be more than four orders of magnitude.
The maximum stack intensity obtained in the AAC (=antiproton accumulator complex) was more than
1012 antiprotons. Similar concepts have been applied at Fermilab and even better results have been
obtained there. The stack density has a nearly exponential slope towards the stack-tail, where the RF
deposits the newly injected particles (pre-cooled). It is the task of the “stack-tail “ cooling system to
push the new batch towards a more and more dense particle distribution in the stack-core region, and to
liberate the stack-tail phase space for the next batch to be injected. In order to assure a constant particle
flux from the tail to the core of the stack, a very careful calculation (Fokker-Planck equation) of the
required gain profile in this area is mandatory. For this purpose a special ” double notch “ filter has
been used in the CERN AA. The double notch essentially uses two normal notch filters in series, which
are slightly de-tuned from each other. They are of course periodic with the revolution frequency of the
stack core. This configuration forms a notch with a prescribed depth and width a  the bottom of the
6notch since the momentum spread of a large stack would exceed the width of a simple notch filter. As a
general problem in stacking machines, the shielding of a pre-cooling system for the injected beam
against the noise of the nearby stack is critical. In the old CERN AA a particular “shutter “ pick-up
(Fig 2) was built. This is essentially a magnetic ring PU where the ferrite ring is opened and closed
every few seconds by a movement mechanism in vacuum. Closing the magnetic circuit increases the
longitudinal sensitivity for the beam to be pre-cooled and simultaneously shields against the stack.
When the pre-cooling is terminated the shutter opens and permits the beam to be transferred towards the








Fig. 2 : The shutter used for pre-cooling in the “old” AA (from [9])
2.4 Halo Cleaning
In the LHC, the procedure of halo cleaning by means of a dedicated stochastic cooling system could
assist or even partly replace the sophisticated collimators necessary to avoid uncontrolled particle loss
[10]. With a proton bunch intensity of 1011 protons and a bunch spacing of 25 ns we can see
immediately  that stochastic cooling of the entire beam on any reasonable time-scale is excluded with
present-day bandwidth (W £ 10 GHz). If, however, one could build a pick-up which only sees the 107
particles in the transverse halo instead of the entire 1011 particles, then the cooling of these 107
particles/bunch might be possible. The problem is to design a pick-up with a discrimination ratio
core/halo of four orders of magnitude. As a model, we take a beam with a Gaussian density distribution
in the transverse plane (x) and a pick-up as sketched in Fig. 3. The geometrical sensitivity of this pick-
up can be approximated by the relation S ~ exp(-p/h ( | x-w | ) with the maximum at the position ( | x |
= w) of the gap. Choosing w = 3s and respecting a vertical aperture h = 8s we find a discouragingly
large aspect ratio sx /sy = 24 (lattice functions bx/by = 600 for equal emittances ex  = ey
Fig. 3 : Sketch of a pick-up sensitive to the beam halo
For operation of the LHC with lead ions with 109  particles/bunch, tail cleaning and perhaps even
emittance containment would be easier. However, for these heavy ions, the luminosity life is dominated
by the loss due to disintegration and other losses related to high-energy collisions. Therefore, the gain by
cooling is likely to be less pronounced. But it may be noted that PU structures have been used in a very
wide, nearly rectangular vacuum chamber with shallow height for the AA pre-cooling system. The aim
was to hide the injected beam from the stack, taking advantage of the exponential decay in the lateral
7direction of the TEM-like fields raised by the stack. This concept worked reasonably well despite the
fact that in the frequency range of operation, wave-guide modes could already propagate.
2.5 Unexpected difficulties with bunched beam cooling
Observations with Schottky noise pick-ups both at the SPS [11] and at the TEVATRON [12] have
revealed a very strong "RF-activity" which persists at frequencies considerably higher than 10 fb and in
fact extends up to the highest bands accessible (» 10 GHz). These strong signals obstruct stochastic
cooling. Their nature is not fully understood, but probably two effects play a role: coherent instabilities
and a tendency of intense bunches to develop a non-Gaussian structure.
An explanation in this sense is given in [13]. Tests to explore this problem were performed in LEAR
[14] and in the AC. In LEAR the frequency spectrum of dense bunches obtained after electron cooling
showed a cut-off at 5 fb (decrease to 10 
-4 of the low frequency line height) as long as the intensity was
low. For Nb £ 5´109 , the cut-off was as high as 45 fb thus indicating a strong intensity-dependent shift
(Nb =number of particles per bunch; fb = ut-off frequency of bunch spectrum; Fig. 4).
In the AC, a 50 ns long bunch with Nb » 107 particles could be obtained by bunching the cooled beam
with the h=1 RF system. When switching off the stochastic cooling, strong coherent lines occurred up to
the highest observable frequencies (about 3 GHz). They could be reduced to the noise level when the
longitudinal cooling system was reactivated. Both longitudinal and transverse cooling then took over,
although with a slow cooling rate, once the longitudinal system, acting as a damper, had ironed out the
coherent lines. The presence of the undesired coherent lines at very high frequencies has been a major
obstacle for the successful operation of bunched-beam cooling at the CERN SPS and the FNAL
TEVATRON. These coherent lines could be filtered out using very sophisticated optical fibre ring-
resonator filters, but the real problem entered already at the level of the head-amplifiers, which were
producing inter-modulation related spectral components.
Fig. 4 : Sketch of the envelopes of a bunched beam current spectrum (from [10 ])
Such perturbations are virtually impossible to remove later, even with the best filters. Thus, despite the
fact that bunched beam stochastic cooling worked well in small machines (ICE, AC, LEAR, FNAL) it
remains still a challenge for large rings and the difficulties experienced in the past would also be a
problem for the idea of halo cooling mentioned above.
83. PICK-UP AND KICKER STRUCTURES
3.1 The l/4 strip-line coupler
Strip-line type couplers are still the workhorse in many stochastic cooling applications. Their
technology has really been pushed to the limit regarding high frequency aspects. Normally a strip-line
coupler has a length /width (l/w) ratio of the strip of at least 10 and then the theory describing the device
works rather well. But for stochastic cooling these couplers are required to intercept as much image
current as possible at a given distance from the beam and therefore the strip width is large. This leads in
the end to the surprising result that the length to width ratio can approach values close to 0.5 and
subsequently the validity of approximations related to the case l/w>10 may be questioned. Thus the
following analysis is only valid for a sufficiently high l/w ratio and below waveguide cut-off. Consider
the geometry as depicted in Fig 5. Each strip-line has a characteristic impedance ZC that can be
determined by solving the electrostatic field equation. A bunch (v = c) with a positive charge would
induce a positive pulse Vu(t) at the terminated (typically 50 W) up-stream port and no signal at the
(terminated) downstream port. However for b=v/c <1 there will be also a downstream signal. The
angular coverage of the strip-line is denoted by j0 with w = b j0 [15 ]
Fig. 5 : Strip-line pick-up (schematic)
For a highly relativistic beam the TEM-like wake-field  “sees” (e.g. for the upper strip when
approaching the left end of the structure) the parallel circuit of two TEM lines, each with characteristic
impedance ZC. Thus half of the induced signal travels towards the vacuum feed-through and the other
half as a TEM wave between strip electrode and the inner surface of the vacuum tube. At the right end
of the strip a pulse of the same height, but with opposite sign is induced, leading to cancellation with the
signal coming as a TEM wave from the upstream end. Note the similarity of the upstream signal (v =c)
with a notch filter response (Fig 1).
(2)
For b=1 and now going into the time domain with a beam current I(t) = I0  e j w t  we obtain for the












































9And finally for the longitudinal coupling impedance ZL(w) of a single strip (for both strips in the sum
mode this value has to be multiplied by a factor of two) we obtain multiplying again with the azimuthal
coverage factor j0/2p
(4)
For further details, an extensive discussion of strip-line type pick-up and kicker properties can be found
in the literature [16].(example:50W strip-line, full coverage returns 12.5W/strip or 25 W total for the
maximum of the longitudinal coupling impedance).
3.2 Slot-Type structures
3.2.1 Faltin pick-up
There are different kinds of slotted structure known as Faltin-type PU, slot-line PU, and slotted
waveguide configurations. For stochastic cooling, the first application was the Faltin type structure (Fig
6)[17].
Fig. 6 : Cross-section of a Faltin type slot pick-up (from [17])
This kind of pick-up/kicker structure is basically a TEM line with a rectangular outer conductor. It has
periodically arranged slots with their major axis orthogonal to the direction of beam propagation. The
aim of the slots is to intercept the image current of the beam (PU mode) as well as to reduce the phase
velocity of the slotted TEM line to the particle velocity of the beam. Obviously, as we have a periodic
structure, this works only over a limited frequency range and one has to find a compromise to adjust the
parameters of this kind of coupler to the given v/c value of the beam. One of the first versions of this
kind of structure was designed for the ISR, envisaging a bandwidth of 1-4 GHz. Later, similar units
were used up to 8 GHz in the AA. The design depicted in Fig 6 shows a Faltin slot structure operating
as a kicker in the difference mode (note the directions of currents on the TEM lines). Potential problems
with respect to waveguide mode interaction, both from the beam chamber and the TEM line section
(which may be over-moded), turned out to be not very significant.






























3.2.2 Slot-line pick-up and printed loop coupler
In the course of developing stochastic cooling systems for the CERN antiproton collector, the idea was
born in 1985  [18] to use, if possible, printed circuits on a ceramic substrate instead of tiny strip-line
couplers. The concept was to have a slot-line i.e. a narrow region of missing metallisation in the ground-
plane of a micro-strip circuit. Considering the layout in Fig 7 one can visualise a MIC (microwave
integrated circuit) on alumina substrate or some other vacuum-compatible material, with the metallised
plane towards the beam.
Fig. 7 : Slot-line structure (left) and printed loop pick-up (right)
The slot (dotted line) in the ground-plane intercepts the image current of the beam and if the length of
this slot-line is l/2 (of the slot-line, not in vacuum) we get maximum sensitivity. This version can be
seen as the standing-wave slot-line mode, where the Q-factor of such a slotline resonator depends on the
loading condition and the nearby environment. But usually this Q-factor is close to unity in order to
achieve a large bandwidth. It has also been considered to operate the slot in a travelling-wave mode,
having a “slotline open” at either end and extracting two separate signals. Another proposal was to tilt
the axis of a slot-line operating in the travelling wave mode against the beam for partial mixing
compensation. The concept has been subsequently further developed at Fermilab and merged into the
printed loop coupler [19] (Fig 7, right). Such printed loop couplers were and are used for different
stochastic cooling applications at FNAL with good success. They are usually printed on a “G10”
substrate, which has more out-gassing than alumina but is much easier to handle, and is cheaper and
less fragile.
3.2.3 Slotted wave guide slow wave arrays
Since all beam pick-ups and kickers have a strong analogy to directional couplers used for RF and
microwave engineering, the concept of the wave-guide coupler can also be translated to beam couplers.
A structure very similar to the Faltin type layout (Fig 6), but without the inner conductor in the TEM
line part, has been analysed and optimised for stochastic cooling applications at Fermilab[20]. The
phase velocity of the wave-guide mode in the (rectangular) coupler section will be slowed down by the
presence of the lateral slots and thus get in synchronism with the beam. Advantages of this kind of
structures (Fig 89) are their high sensitivity (forward coupler), low loss and mechanical ease and

























environment and can stand a comparatively large amount of power in the kicker regime. But the relative
bandwidth tends to be smaller than printed loop or strip-line couplers.
Fig. 8: Fermilab slotted wave-guide slow wave array; mechanical layout and longitudinal impedance
(from [20])
As a general comment for all type of coupling structures it should be mentioned that often they are
referred to as “antennas”. This is strictly speaking not correct, since couplers are near-field devices and
there is no intention to have them radiating when used as kickers. However it is unavoidable that such a
device is emits radiation when operated in free space, but this has nothing to do with the intended beam
(TEM like) coupling mechanism. If operated in a beam-pipe beyond wave-guide cut-off the equivalent
of radiation is coupling into wave-guide modes, and this kind of interaction should be kept as small as
possible. Pick-ups and kickers can interact with a beam at a lateral distance much bigger than l/4,
provided that the g-value of the beam is sufficiently high. The critical distance is about g l/4. This
statement is not in contradiction with the fact that far-field acceleration is not possible without changing
the trajectory of the particles [21].
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4. EXPERIENCE IN PRESENT AND PAST MACHINES
4.1 Stochastic Cooling at COSY
The stochastic cooling system [21, 22] at the cooler synchrotron COSY is routinely used for proton
beam preparation and stabilisation in internal target experiments. Transverse as well as longitudinal
cooling is applied. The cooling system operates in the whole momentum range from 1.5 up to 3.3
GeV/c.
The cooling bandwidth is divided into two bands. Band I covers the range 1 - 1.8 GHz and Band II 1.8 -
3 GHz. Due to low beam velocity variation, only two paths are necessary, going diametrically across
the ring for horizontal and vertical cooling. Programmable delays are used to adjust the cooling system
for the whole momentum range. An optical notch filter is implemented if momentum cooling is desired.
The pick-up and kicker electrode bars can be moved by 60 mm. This is necessary to inject the beam
without losses and to adjust the electrodes of pick-up and kicker to the beam orbit at cooling energy.
This independent movement of the electrode structures keeps the beam in the electrical centre of the
pick-up and kicker to avoid beam heating.  The pick-ups are cryogenically cooled to about 30 K. The
length of each PU tank amount to 4.3 m (number of loops=112) while the kicker has about half the
length and number of loops. The cycle time can be set to a minimum value of 3 s. All systems have a
total maximum gain of around 160 db (0.8 dB noise figure) and the installed kicker amplifier power is
1000 Watt.  For longitudinal cooling Band 1 is used. The longitudinal cooling was improved by
replacing a coaxial structure and introducing an optical fibre based notch filter (notch depth >35 dB
over the complete band 1, and very small dispersion).
The benefit of the longitudinal cooling system on the counting rates in the COSY-11 experiment [23] is
clearly evident from Fig 9. The stabilising effect increases the luminosity for a circulating beam of 1010
protons at 3.285 GeV/c, compensates for energy loss and increases the cycle length and thus the duty
factor significantly.
Fig. 9 : Impact of the longitudinal stochastic cooling system on the COSY 11 experiment [ 24 ]
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4.2 Stochastic Cooling at GSI
A stochastic cooling system for heavy ions is operated at the storage ring ESR of GSI, Germany's heavy
ion research facility. They use a frequency range 0.9-1.7 GHz and a total RF power of 2 kW is
installed. Particular to this system is that, due to space restrictions, all pick-ups and kicker arrays are
placed inside the gap of dipole or quadrupole magnets. The pick-ups have an excellent signal/noise ratio
even at moderate numbers of particles. For longitudinal cooling, a Palmer-type system is used with
special delay-line compensations in order to avoid undesired mixing between pick-up and kicker. The
system has been commissioned in the past few years, and it is claimed to be ready now for experiments
with secondary exotic nuclei. The system was mainly built in order to cool efficiently secondary ion
beams with large emittance and momentum spreads. These are produced when primary ions from the
SIS synchrotron at energies of about 1 GeV hit a production target. Either by fragmentation or by
fission, secondary nuclei are produced, separated in a fragment separator, and injected into the ESR.
The secondary beam energy is variable between 391 MeV and 477 MeV, corresponding to velocities
between 0.71c and 0.75c. The secondary ions emerge in very high charge states; for commissioning
12C6+, 40Ar18+, and 238U92+ ions have been used. The excellent signal-to noise properties of the highly
charged ions led to longitudinal cooling times of 400 ms for the uranium ions during a preliminary
machine development study. There are good reasons to expect still shorter times if the development
studies are continued. After stochastic pre-cooling the phase space density is good enough to get very
cold beams by electron cooling in a second step. Intended scientific applications are Schottky mass
spectroscopy, lifetime and decay studies as well as nuclear reaction studies. The lower half-life limit is
of the order of seconds and for the nuclear reaction studies beam accumulation by RF stacking after the
stochastic pre cooling is needed. In this case, electron cooling cools the stacked beam. This scheme has
been tested with uranium beams, leading to very promising results.
 4.3 Stochastic cooling at FNAL
The work-horses for stochastic cooling at FNAL are the triangular shaped “accumulator” and
“debuncher “. The outer machine “debuncher” has a similar function as the AC (antiproton collector) in
the former CERN AAC (antiproton accumulator complex). The inner ring corresponds to the AA. With
these two machines, it became possible to stack up to 2.2´1012 antiprotons and to achieve a peak
stacking rate of  7.2´1010/h  [27]. The frequency range of the debuncher cooling systems is 2-4 GHz,
while in the accumulator the “stack-tail” operates from 1-2 GHz for all three planes and core cooling is
covered by 2-4 GHz (three planes) and 4-8 GHz  (three planes). The production performance of the
target permits to inject 6.7´107 p /shot, which is every 2.4 seconds. The need for future collider runs in
the Tevatron will require stacking rates up to 100´1010 p  /hour. However the near future goal is closer
to 20-30´1010 p  /hour.
This dramatic increase in stacking rate can only be achieved by applying several measures
simultaneously. These include cryogenic cooling of pick-ups and pre-amps to below 10 K, and increase
of coupling impedance using the slow wave-guide structures mentioned above. The kickers have to be
able to stand a large amount of power (more than 1000 Watt) and this power has to be delivered from
suitable amplifiers with low inter-modulation and stable phase characteristic. The debuncher lattice
parameter h will be dynamically changed from -0.006 to -0.009 during the cooling cycle in order to
improve the mixing factor. The use of plunging pick-ups and kickers to follow the envelope of the beam
(sensitivity increase and power reduction) for the transverse cooling is under discussion. As a
technological breakthrough, the development of a S/D-hybrid for the frequency range of 2-4 GHz, a CW
power handling capability of 200 Watt and less than 1° phase, and 0.1 dB amplitude variation over the
band should be mentioned.
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4.4 Stochastic cooling at CERN
4.4.1 AAC and LEAR
After 1989, two machines AA and AC were ran for several years with an operational stacking
efficiency close to 90% (peak: 93%), producing stacks of slightly more than 1´1012 p  (peak:
1.31´1012 ) with operational stacking rates of 4.4´1010 /h  (peak 5.8´1010 /h). For a certain period this
was the world record stacking rate, but soon Fermilab took over. Despite the complexity of the AAC
with more than 15 stochastic cooling and stacking systems, the average down time due to these systems
was less than 5 hours /year over more than 5 years[28]. Faults in individual systems did occur more
often, but due to a certain amount of redundancy and compensation, machine operation could be
continued, sometimes at the expense of reduced stacking efficiency.
The LEAR  (Low Energy Antiproton Ring) stochastic cooling systems consisted of two chains, each
working in all three planes, to cover two ranges of particle momentum in the machine. The high-
momentum system could be adjusted for a momentum range from 200 MeV/c to 2 GeV/c corresponding
to a range of particle velocity b = v/c from 0.2 to 0.906. The low-momentum system was adjustable
from 105 MeV/c to 61 MeV/c. Over the years (beginning in 1986) the position in the ring of stochastic
cooling pick-ups and kickers was changed together with the type of coupling structure. Initially (1982),
the longitudinal cooling systems had ferrite ring pick-ups (24 rings each) and kickers of the same type.
These ferrites were outside the vacuum (to avoid out-gassing problems) on a section of a ceramic
vacuum chamber. With these units, the useable frequency range extended from 30 MHz to 200 MHz,
showing a rather poor phase response (dispersion). However, at that time only a momentum cooling
(high energy) range from Dp/p = 0.6% to about 0.1% was required. After the implementation of the
“bunch-to-bucket” transfer from the PS into LEAR with adiabatic de-bunching in LEAR, the
longitudinal stochastic cooling after injection (at 600 MeV/c) into LEAR was less important. With the
end of the CERN-AAC (December 1996) the LEAR machine was moth-balled will undergoes a
conversion and reappear later as LEIR (Low Energy Ion Ring).
After the implementation of the “bunch-to-bucket” transfer from the PS into LEAR and the adiabatic
de-bunching in LEAR, the longitudinal stochastic cooling after injection into LEAR turned out to be
more important. Later LEAR was operated at higher momenta than injection, so the increase in
bandwidth for the stochastic cooling system became mandatory. At that time loop couplers with
variable external delays and a horizontal cooling system using the same loop couplers as the vertical one
were installed (BHN30). The useable bandwidth extended from 3 MHz to 1.1 GHz. In order to avoid
undesired feedback between pick-ups and kickers due to imperfect shielding as well as microwave mode
propagation in the beam pipe, pick-ups and kickers were placed as far apart from each other as
possible.
As a particular feature, the horizontal and the vertical stochastic cooling system was used as a
broadband damper by adding 30 dB of attenuation during electron cooling at 310 MeV/c and 200
MeV/c.  Stochastic cooling was applied also between 105 MeV/c and 2 GeV/c to counteract diffusion
mechanisms such as intra-beam scattering during the slow extraction process. The need of high fluxes
of particles by the experiments and the use of long spills up to 3 h at high energy required circulating
beams of 4 ´ 1010 particles. In these cases intra-beam scattering became important and had to be
compensated by stochastic cooling. Transverse emittances of 5p mm mrad were measured while the
momentum spread was maintained below 0.3% at 4p mm mrad [28].
4.4.2 AD
Recently the CERN AAC has been transformed into the AD (antiproton decelerator) and the stochastic
cooling systems were rebuilt to cope with the new requirements. Instead of using the original three
frequency bands, (0.9 - 1.6 GHz, 1.6 - 2.45 GHz and 2.4 - 3.2 GHz) only the first of these was used,
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due to lattice limitations and other constraints. The same pick-ups and kickers are in use at two different
energies. As in the AC, simultaneous cooling in all three planes is required. Switching between two
transmission paths (at 3.5 GeV/c and 2.0 GeV/c) became necessary, including separate notch filters and
delay compensation for the kicker sections. The tanks had to be rendered bakeable (1508 C) to make the
vacuum (£1010 Torr) compatible with deceleration to low energies. Further improvements included
programmable, phase-invariant electronic attenuators and amplitude-invariant delays. Experience
during commissioning showed that careful optimisation (depth and periodicity) of the notch filters, as
well as efficient suppression of the common-mode response in the transverse cooling systems, were
essential to reach, and even exceed the design performance[29]. The systems were operated with protons
(about 109) as well as p (2-5´ 107).
Tab. 2 : Design and achieved AD performance at injection (3.5 GeV/c) and at 2 GeV/c) respectively
Operational experience over the last 2 years showed that reliable performance could be obtained, once
the systems were adjusted. This performance is rather insensitive to minor orbit changes as well as to
single faults in the power amplifiers.
5. CONCLUSION AND OUTLOOK
For more than 20 years stochastic cooling systems have been used as a reliable tool in operational
machines (first operational application: CERN “old” AA) for pre-cooling and stacking applications. As
a complementary technique to electron cooling, stochastic cooling is well suited for emittance reduction
in “hot” beams with a limited number of particles and a very wide momentum range up to highly
relativistic beams. On the other hand, electron cooling is essentially insensitive to the number of
particles. It is very well suited to make a “tempered” beam really cold, but hard to implement for high g
particles. Unfortunately bunched beam stochastic cooling failed in large machines like the CERN SPS
and FNAL Tevatron while it worked rather well in several small rings (AC, AD, LEAR.  FNAL
debuncher). Present applications are for p  co ling  (CERN-AD, FNAL) as well as protons (KFA
Jülich) and heavy ions at GSI. In the future we may see very fast stochastic cooling (below 100ms) on
short-lived radioactive isotopes  (Riken and GSI). For the concept of RF and microwave stochastic
cooling we can expect a steady technological improvement of electronic hardware (lower noise figure of
pre-amplifiers, cheaper microwave power, impressive progress on optical signal transmission and easier
implementation of dynamic system parameters such as gain and phase). Also, the recent availability of
powerful 3D electromagnetic simulation tools (examples: MAFIA, HFSS) permits a detailed analysis of
pick-up and kicker structures, their better understanding and further improvement. We can also expect
an evolution in the cooling process simulation itself, as occasionally the measured cooling performance
does not fit exactly to the predicted one when using too simplified models. Ultra-fast stochastic cooling
(less than 1 ms) remains a dream at present, but there is a strong interest, such as for muon cooling, and
also proposals, for optical stochastic cooling. But at this time we are still waiting for a practical proof
of this very challenging and promising ideas and evolution.
Flat-top 3.5 GeV/c Flat-top 2.0 GeV/c
design achieved design achieved
Intensity 5´107 5´107 5´107 5´107
Acceptance in D p/p ±0.5% > ±1% - -
Cooling time 20 s 20 s 15 s 15 s
Hor.emittance (95%) 5p mm mrad 3p mm mrad 5p mm mrad 2.9p mm mrad
Vert. emittance (95%)5p mm mrad 4p mm mrad 5p mm mrad 3.3p mm mrad
Momentum width ±0.5´10-3 ±0.35´10-3 ±0.15´10-3 ±0.08´10-3
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